The equilibrium structures and cohesive energies of small Cun clusters using the fullpotential muffin-tin orbitals (FP-LMTO) based molecular dynamics (MD) have been studied for n ≤ 9. The results obtained have been compared with other chemical methods. We propose the FP-LMTO-MD technique to be a useful starting point of more empirical methods which can efficiently deals with larger cluster sizes relevant for nanoparticles.
Introduction
We wish to study the electronic and structural properties of small metallic nanoparticles. Such particles characteristically involve 100-1000 atomic clusters. First principles chemical techniques are not feasible for such large clusters. Various empirical method are available for the study of such systems, and they characteristically require us to fit various parameters of the theory. In this paper we propose the first-principles full-potential linearized muffin-tin orbitals molecular dynamics as an ideal starting point for such calculations. The results for small Cu clusters will provide data for fitting parameters of empirical methods, like the parameterized tight-binding molecular dynamics which will allow us to tackle the much larger clusters with tolerable accuracy.
A large body of first principles molecular dynamics approaches in the study of clusters depended upon the construction of suitable pseudopotentials for the constituent atoms. Transition metal clusters require perhaps, alternative treatments. [1] [2] [3] The deep potentials associated with their d-orbitals are not particularly amenable to the pseudopotential approach. In this communication we shall describe a study of Cu clusters using a full-potential muffin-tin orbitals (FP-LMTO) based molecular dynamics (MD). We shall study the equilibrium structures and energetics of small Cu clusters using the FP-LMTO-MD. We shall compare our results with the more accurate chemical methods for the smaller clusters. Since the chemical methods become unfeasible for larger clusters, we wish to propose the FP-LMTO-MD as a useful technique for their study. Our aim in this communication is to check the accuracy and predictability of this method for the smaller clusters and check whether the inaccuracies become less relevant with increasing cluster size.
Experimentation on the electronic and cohesive properties of transition metal clusters have been extensive. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The smaller Cu clusters have been exhaustively studied by quantum chemists. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] An excellent early review of the field has been made by Ozin. 36 The main issues addressed in these works were: whether small clusters had characteristics of bulk metals and in what way they differed from them in respect to cohesive energies, ionization potentials and magnetism. Recently, Apai et al. 37 conducted EXAFS studies of Cu clusters supported on carbon. Similar studies of Au and Ag clusters were carried out by Balerna et al. 38 and Montano et al. 39 These studies indicate, as one would expect for these metals, that the localized d-electrons, play an important role in the electronic structure. Hence, the d-states and their interactions with the extended s-states need to be carefully accounted for in a proper theoretical treatment of these materials.
We may classify the theoretical approaches into five groups:
(i) In the first group are the Hartree-Fock and Xα descriptions. 34 In this class we have the the self-consistent-field-Xα, 21 the ab-initio self-consistent-field (SCF) using model potentials 29 and the SCF with relaxation effects.
35,40
(ii) In the next group are the methods based on the local spin density (LSDA) both with and without self-interaction corrections. 41 Salahub and coworkers have argued that it is essential to include the gradient corrections in the LSDA in order to treat clusters properly [42] [43] [44] [45] [46] [47] since the bonding charge density in a small cluster is highly inhomogeneous. (iii) The third group includes tight-binding type methods. These include the extended Hückel methods, 17, 48, 49 reparameterized Hückel with the WolfsbergHelmholtz approximation for the off-diagonal terms 20 and those with more flexible forms for them. 50, 51 This group also includes the linear combination of atomic orbitals based SCF methods. 52 We also have the empirical tight-binding (TB) or the Linear Combination of Atomic Orbitals (LCAO) methods.
2,53
These are at best qualitative, since the assumption of transferability of the Hamiltonian parameters is definitely of questionable validity. (iv) In the fourth group we have the effective potential methods which include the embedded atom pair and many-body potentials 54, 55 and the effective medium theory 56, 57 with one-electron correlation included. [58] [59] [60] The equivalent crystal theory (ECT) 61-63 also belongs to this class of empirical potential methods and is capable of dealing with very large clusters. (v) Finally we have attempts at using the tight-binding linearized muffin-tin orbitals (TB-LMTO) method 64 coupled to simulated annealing. In the application of this method to clusters there are several outstanding problems. The treatment of the interstitial region outside the muffin-tin spheres centered at the atomic positions is difficult. Unlike the bulk, where the interstitial region is small and inflating the muffin-tins to slightly overlapping atomic spheres can do away with the interstitial altogether, for clusters this is certainly not so. As the atoms move about, the atomic spheres may not overlap and the interstitial contribution is significant. One may try to overcome this by enclosing the cluster with layers of empty spheres carrying charge but not atoms. This complicates the actual calculations and the justification of extrapolation of the TB-LMTO parameters beyond the 5% range on either side of the equilibrium value is not valid.
A number of molecular dynamics studies of the geometrical and electronic structure of small clusters of various elements [65] [66] [67] have been performed. The ab-initio molecular dynamics (MD) approach developed by Car and Parinello 68 (CP) has been one of the most promising developments in this area. The method is based on the pseudopotential technique and therefore faces problems when dealing with the rather localized d electrons of transition metals. Efficient soft pseudopotentials for transition metals are still not available and the CP generally is never applied to transition metal clusters.
Simple alkali metals clusters are fairly well described by the spherical jellium model. The quasi-free valence electrons occupy single-particle states in an effective spherically symmetric box potential. This is rather insensitive to the geometry of the atomic arrangement inside the cluster. Consequently one obtains a pronounced shell closing effect. 55 Although the noble metals Cu, Ag and Au have closed d shells and singly occupied outermost s shell structures and several authors have suggested that there should be a close similarity to the shell closing effect in simple alkali metals, cohesive studies in the bulk metal and a series of EXAFS studies of Cu clusters supported on carbon 37, 39 indicate that the d electrons, through their hybridization with the s electrons, play an important role in the electronic structure and binding energy of these systems. Winter et al. 69 have also indicated through a series of experiments which include mass spectroscopy, oxygen and water absorption, that there is a competition of jellium-like electronic behaviour and icosahedral geometrical closure effects in small copper clusters.
In this communication, we shall turn to the molecular version of the fullpotential linearized muffin-tin orbital two-centre-fit (TCF) method suggested by Methfessel and Schilfgaarde 70 and Methfessel et al. 71 to carry out an ab initio study of Cu clusters ranging up to 9.
Methodology
Let us begin by describing, in brief, a few salient features of the molecular version of the FP-LMTO-TCF. The method is based on the Density Functional Theory which treats the electron-electron interaction approximately within the Local Density Approximation. In practice,
where
Here f (x) is the Fermi function and
The first step is the solution of the Schrödinger equation in a very unpleasant potential with Coulomb singularities. As in most approaches we choose a basis of representation {φ m (r)} and variationally minimize the energy to obtain a secular equation of the form:
The basis used follows closely the muffin-tin orbitals described by Andersen et al. 72 The approach uses a minimal basis set at the expense of a rather complicated formulation. The basis is built up of Hänkel functions h (κr i ) where r i = r − R i diverging at r i = 0, augmented inside the muffin-tin spheres centered at r i by solutions u (r i )Y L (r i ) of the Schrödinger equation:
where boundary conditions at the muffin-tin sphere radius is such that its logarithmic derivative matches that of the Hänkel function:
Any matrix element in this basis then can be written as:
The Hänkel functions associated with a muffin-tin at R i can be written in terms of a Bessel function at R j as
The structure matrix S depends entirely on the geometric arrangement of the muffin-tins. Using (2), the first integral becomes
These are easy to calculate and there is a separation of atomic and structural information.
Most of the interstitial integral can be obtained from the muffin-tin spheres using the fact that, in the interstitial, the basis are solutions of the Helmholtz equation, and using the Green theorem:
If the potential here is a constant we can get by with the above. But for clusters this is definitely not so. In the molecular FPLMTO we use a tabulation technique. We expand the product
where χ m (r) is another set of muffin-tin centered Hänkel functions. In practice we put two atoms along the z-axis and make accurate numerical expansion by least squares fit for different distances and tabulate C ij m (d):
This is the two-centre fit table (TCF). For arbitrary geometry then we may easily calculate the necessary matrix elements by a fitting procedure to the table. The procedure is fast. For molecular dynamics, the problem arises from the fact that the Pulay terms in the force are impossibly difficult to calculate directly as the basis set changes in a complicated manner when atoms move. To do the molecular dynamics, we use the Harris functional procedure as follows: At a time step τ 0 , we obtain the self-consistent charge density ρ(r, τ 0 ) using the FP-LMTO procedure. The Density functional approach then yields a total energy of the form
Let us now move the ions from their positions {R i (τ 0 )} to {R i (τ 0 +δτ )} = {R i +∆}. We shall assume that the muffin-tin spheres associated with the ions containing the charge densities simply move with the ions themselves:
We now calculate the energy with this trial (guess) density
The Harris force in the direction of∆ is given by
For dynamics we use the Verlet algorithm:
where r n denotes r(τ 0 +nδτ ). We can now do a straightforward molecular dynamics, but this often leads to unphysical heating/cooling of the system if our time steps are too large. For small time steps the procedure is inordinately slow. We add an extra friction term carefully F ⇒ F − γmṙ. Methfessel and Schilfgaarde 70,71 have also used a free dynamics with feedback to overcome the above difficulty. 
Results
We have chosen the various parameters for the FP-LMTO based on optimizing results for bulk Cu and the dimer. The values of κ 2 were chosen from optimum bulk calculations. The muffin tin radii were chosen as 1.9Å to produce the bond length and binding energies of the Cu dimer correctly. For augmentation within the sphere we have used 4s, 4p, 3d, 4f and 5g functions ( max = 3). For representation of interstitial functions we have used five κ 2 values with angular momentum cutoffs max = 4, 4, 6, 2 and 1. The optimum bond length was determined by varying the dimer bond length from 4.1 to 4.2 atomic units and calculating the total energy at each bond length. We found the optimum bond length to be 4.16 a.u with the binding energy (BE) equal to 1.469 eV/atom. Table 1 lists the various theoretical and experimental values for the bond length and binding energies per atom. It is well-known that while the Hartree-Fock tends to under-bind, the LDA over-binds. Our bond lengths should then be smaller and binding energies larger than experimental values. This is borne out by the table. Clearly both the self interaction correction (SIC) and the gradient correction (GGA) improves matters. The TB-LMTO value 64 of 0.23 eV/atom is much too low and probably indicates serious lacunae in the treatment of clusters in that work rather than in the TB-LMTO itself. smaller clusters the generalized gradient corrections (GGA) to the local density approximation is very important.
60 Our FP-LMTO does not incorporate the GGA and hence leads to slightly larger values of the IP. The importance of self-interaction corrections (SIC) is not clear for dimers. Wang 41 includes SIC and obtains a higher value of the IP. Our work does not include the SIC. The first test of the predictability of various methods first appear for Cu 3 . The accompanying Fig. 1 shows the lowest energy structures predicted for the trimer. Miyoshi 40 find both the structures (O) and (A) to be almost degenerate in energy. The vertex angles are found to be 77.6
• for (O) and 51.7
• for (A). Calaminici et al.
60
find the structure (O) to be most stable with vertex angle 66.86
• without SIC and 66.58
• with SIC. The other structure (A) lies 0.023 eV higher in energy. Wang
41
finds the obtuse triangle shown on the right to be the stable structure. This has a vertex angle of 162
• . He concludes that the SIC correction is essential and finds the acute triangle with a vertex angle of 47
• to be the most stable. However, even with the SIC, the structure quoted is rather different from other methods. Our prediction agrees reasonably well with the structure (O) of Miyoshi 40 and (O) of Calaminici et al. 60 The vertex angle is 65
• in our case. The isosceles shape is expected because of the possible Jahn-Teller distortion in Cu 3 . Table 3 compares the bond lengths, binding energies and ionization energies of the Cu 3 trimer. We find the binding energy per atom to be 1.598 eV/atom which is higher than that for the linear configuration by 0.124 eV/atom. Over-binding because of the LDA is again observed. The ionization energy drops for the trimer and regains its value again for Cu 4 . This has been observed in all the earlier works quoted and in experiment.
For N = 4 we find that the rhombus starting structure leads to the most stable structure followed by the square and the tetrahedron in decreasing order of stability. Our prediction matches exactly with that of Akeby et al. 78 and Calaminici et al.
60
who also predicted the sequence: rhombus, square and tetrahedron. The larger rhombus angle turns out to be 120
• which agrees well with the prediction of 122
• by Calaminici et al. 60 Our ionization potential is 7.90 eV, which agrees not badly with 7.0 ± 0.6 eV found experimentally. The TB-LMTO 64 predicts the order of stability to be the tetrahedron, the rhombus and the square in decreasing stability. This does not match any other work and possibly has its origin in the problem discussed about earlier.
For Cu 5 we find the trigonal bipyramid with BE 2.187 eV/atom to be the most stable structure followed by the square pyramid where the difference in BE between the two structures is 0.056 eV only. Akeby et al.
78 also obtain the trigonal bipyramid to be more stable than the square pyramid agreeing with our calculations. Calaminici et al. 60 finds another structure, the flat pentagonal trapezoid to be almost degenerate; actually 0.009 eV lower in energy than the trigonal bipyramid. They find the square pyramid to be more than 0.309 eV higher in energy. We would like to emphasize with Calaminici et al. 60 that for the smaller clusters the GGA may play a crucial role in stabilizing certain structures. Figure 3 shows the variation of the ionization potential with cluster size. The troughs at n = 3 and n = 5 agree well with earlier works as well as experimental results. For N = 6 we have considered 2 starting structures, the square bipyramid (octahedron) and the capped trigonal bipyramid, which is obtained by capping one face of the trigonal bipyramid so that the capping atom is equidistant from all the three atoms on the face. We find the capped trigonal bipyramid to be the most stable structure with BE equal to 2.405 eV/atom, which is 0.040 eV/atom higher than the square bipyramid (octahedron). The TB-LMTO calculations predict the octahedron to be the most stable structure compared to other random structures. Also the numerical value of 1.56 eV/atom for the octahedron obtained from the TB-LMTO calculations is much lower compared to our value.
The pentagonal bipyramid, the capped square bipyramid and the bicapped trigonal bipyramid were considered as the starting structures for our calculations for N = 7. We find the pentagonal bipyramid to be the most stable structure in accordance with Akeby et al. 78 but at variance with the TB-LMTO results. The bicapped trigonal bipyramid is slightly higher in energy (0.002 eV/atom) than the capped square pyramid in our calculations.
For Cu 8 we considered three starting structures of which the capped pentagonal bipyramid turns out to be the most stable followed by the bicapped square bipyramid and the cube. TB-LMTO predicts the antiprism followed by the bi-tent structure and the cube. Both the methods find the cube to be the least stable though our BE for the cube is 0.592 eV/atom higher than the TB-LMTO results. In the case of Cu 9 , we considered the tricapped square bipyramid and the bicapped pentagonal bipyramid with the capping atoms on adjacent and non-adjacent faces. The tricapped square bipyramid was found to be the most stable structure followed by the bicapped pentagonal bipyramid with the capping atoms on adjacent faces (lower by only 0.006 eV/atom) and the bicapped pentagonal bipyramid (non-adjacent faces) lower by 0.025 eV/atom than the most stable structure in this range. 78 the HOMO-LUMO gap for the Cu 8 cluster is determined to be 1.93 eV while Lammers and Brostal 64 report a value of 1.91 eV. Our calculated value for the HOMO-LUMO gap for the most stable structure (capped pentagonal bipyramid) is 1.156 eV which is lower than both the reported values. The HOMO-LUMO gap does show a peak at N = 8 in our calculations but we cannot conclude from this point that this is a manifestation of shell closure. We also see a minimum in the HOMO-LUMO gap value at N = 6 unlike in Lammers and Brostal. 64 Moreover pronounced odd-even alterations in the HOMO-LUMO gap values as predicted by the shell model 81 are not recognizable in our calculations.
Conclusion
In this work, the geometrical and electronic structure of Cu n clusters (n = 3 − 9) has been investigated utilizing the FP-LMTO method. The prominent shell-closing effects, similarity of Cu clusters with simple alkali metal clusters, is confirmed in the present study. We also found large HUMO-LUMO gap for the corresponding most stable clusters. And we propose this first principle FP-LMTO molecular dynamics as a starting point for various parameterized emperical methods.
